Atmos. Chem. Phys., 14, 8748761, 2014 Atmospheric
www.atmos-chem-phys.net/14/8749/2014/ .

doi:10.5194/acp-14-8749-2014 Chemistry
© Author(s) 2014. CC Attribution 3.0 License. and Physics

Investigation of the “elevated heat pump” hypothesis of the Asian
monsoon using satellite observations

M. M. Wonsick, R. T. Pinker, and Y. Ma
Department of Atmospheric and Oceanic Science, University of Maryland, College Park, MD, USA

Correspondence tdR. T. Pinker (pinker@atmos.umd.edu)

Received: 21 January 2013 — Published in Atmos. Chem. Phys. Discuss.: 18 April 2013
Revised: 4 July 2014 — Accepted: 4 July 2014 — Published: 26 August 2014

Abstract. The “elevated heat pump” (EHP) hypothesis has semi-direct aerosol effects caused the disagreement between
been a topic of intensive research and controversy. It posebserved and hypothesized behavior.
tulates that aerosol-induced anomalous mid- and upper-
tropospheric warming in the Himalayan foothills and above
the Tibetan Plateau leads to an early onset and intensification
of Asian monsoon rainfall. This finding is primarily based on 1 Introduction
results from a NASA finite-volume general circulation model
run with and without radiative forcing from different types of The role of the Tibetan Plateau as an elevated heat source
aerosols. In particular, black carbon emissions from source§as long been recognized as one of the driving mechanisms
in northern India and dust from Western China, Afghanistan,of the Asian monsoon (Flohn, 1968; Yeh, 1981; Murakami,
Pakistan, the Thar Desert, and the Arabian Peninsula drivd987; Ueda and Yasunari, 1998). Li and Yanai (1996) ob-
the modeled anomalous heating. Since the initial discussioserved that the reversal of the meridional temperature gradi-
of the EHP hypothesis in 2006, the aerosol-monsoon relagnt due to intense heating over the Tibetan Plateau in spring-
tionship has been investigated using various modeling andime coincides with the onset of the monsoon. More recently,
observational techniques. The current study takes a novehe role of aerosols in the monsoon system is gaining atten-
observational approach to detect signatures of the “elevatetion. The “elevated heat pump” (EHP) hypothesis proposed
heat pump” effect on convection, precipitation, and temper-by Lau et al. (2006) provides a useful framework for such
ature for contrasting aerosol content years during the peinvestigations. The basic premise of the hypothesis is that
riod of 2000-2012. The analysis benefits from unique high-in the pre-monsoon season (March through May), absorbing
resolution convection information inferred from Meteosat- aerosols such as black carbon from northern India and dust
5 observations as available through 2005. Additional datafrom the deserts of western China, Afghanistan, Pakistan, the
sources include temperature data from the NCEP/NCAR ReThar Desert, and the Arabian Peninsula stack up against the
analysis and the European Reanalysis (ERA-Interim) prefoothills of the Himalayas in the Indo—Gangetic Basin (IGB)
cipitation data from the Global Precipitation Climatology (Fig. 1) and cause anomalous upper-tropospheric warming
Project (GPCP), aerosol optical depth from the Multi-anglein the Tibetan Plateau region. It is argued that the warm-
Imaging Spectroradiometer (MISR) and the Moderate Resoing by aerosol absorption causes the air to rise and act as an
lution Imaging Spectroradiometer (MODIS), and aerosol op-“elevated heat pump”, drawing in moist air from the Indian
tical properties from the Modern-Era Retrospective AnalysisOcean and causing an early onset of the monsoon and inten-
for Research and Applications (MERRA) aerosol reanalysis Sification of monsoon rainfall. An anomalous sinking motion
Anomalous upper-tropospheric warming and the early onseforms in the southern part of the Indian subcontinent, caus-
and intensification of the Indian monsoon were not consis-ing this region to experience dryer-than-normal conditions in
tently observed during the years with high loads of absorbingthe early part of the peak-monsoon season. The potential im-
aerosols. Possibly, model assumptions and/or unaccountgect of the absorbing aerosols is magnified in this situation
since the mass of the atmosphere above the plateau is roughly
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aerosol-induced atmospheric heating has been linked to a
‘ Inlo-Gangelic Plain strengthening of the monsoon in southern China, northern

India, and the Bay of Bengal by impacting circulation pat-
terns, vertical motions, and atmospheric stability (Menon et
al., 2002; Lau et al., 2006). Meehl et al. (2008) have shown
that the increased meridional temperature gradient due to
heating from black carbon aerosols causes an increase in pre-
monsoon rainfall (March through May) but a subsequent de-
crease in monsoon rainfall during June and July. The same
behavior was reported by Collier and Zhang (2009) based
on runs of the National Center for Atmospheric Research
Community Atmosphere Model (NCAR CAM3) with and
without aerosols. Randles and Ramaswamy (2008) found
that high loads of absorbing aerosols enhanced the monsoon
circulation and precipitation in northwestern India. Vinoj et
Figure 1. The Indo—Gangetic Basin (from the Australian Centre for g|. (2014) found a positive correlation between dust and sea
Inte_rnational Agricultural Res_earch_ as prc_)videdkmp://aciar.gov. salt aerosols over the Arabian Sea and increased monsoon
auffiles/mn-158/s3_3-gangetic-plain-punjab.html precipitation in central India on a weekly timescale.
Disparities in predicted monsoon behavior have been seen
between fixed sea surface temperature (SST) models and
half of that near sea level and any heat added warms the atoupled ocean—atmosphere models. The model used by Lau
more effectively than over low-level terrain (Yeh, 1981). Im- et al. (2006) to develop the EHP hypothesis used fixed SSTs
pacts on rainfall extend farther than the subcontinent itselfand predicted enhanced Asian monsoon rainfall. Similarly,
as the heat low established over the Tibetan Plateau by ththe study conducted by Menon et al. (2002) with a fixed SST
EHP effect is balanced by an elongated surface high-pressumaodel also found increased monsoon precipitation in parts of
ridge oriented southwest to northeast from the northwesterindia and China and decreased precipitation in the northern
Pacific through the northern South China Sea and southerindian Ocean. Alternatively, simulations with coupled mod-
Bay of Bengal into the central Indian Ocean. This pushesels by Ramanathan et al. (2005) and Meehl et al. (2008) re-
the typicalMei-yu rain belt northward and suppresses pre- sulted in less Asian monsoon precipitation. When the SSTs
cipitation in the northern Indian Ocean, Eastern China, andvere allowed to respond to the decreased solar radiation in
the western Pacific, while increasing rainfall totals in centralnorthern India and surrounding waters due to aerosol absorp-
India, the northern Arabian Sea, the northern Bay of Ben-tion, the cooler ocean temperatures resulted in reduced pre-
gal, Central China, and Korea. Observational evidence otipitation.
the EHP effect presented by Lau and Kim (2006) also in- In light of conflicting results from multiple investigations
dicates an early withdrawal of the Indian monsoon seasonof the EHP hypothesis, this study aims to use a new observa-
These conclusions were reached based on 10-year runs of thienal approach using relevant information from satellites to
NASA finite-volume general circulation model (GCM) with revisit the EHP hypothesis.
and without aerosol forcing. The authors note that the sim- The data used in this study will be described in Sect. 2.
ulations neglected important processes such as aerosol indéections 3 and 4 address methodology and results, respec-
rect effects, and, therefore, the findings must be consideretively. A discussion of results is presented in Sect. 5, and
suggestive but not conclusive. conclusions are given in Sect. 6.
Since the initial postulation of the EHP hypothesis, addi-
tional investigations on the topic have been initiated (Gau-
tam et al., 2011; Bollasina et al., 2008, 2011; Nigam and2 Data
Bollasina, 2010, 2011; Kuhimann and Quass, 2010; Gan-
guly et al., 2012a, b). Specific studies of aerosol effects orp.1 Aerosols
the land—sea temperature gradient and Asian monsoon circu-
lation resulted in somewhat conflicting conclusions. Resultsln contrast to previous EHP studies that used the Total Ozone
from GCM simulations have shown that solar dimming from Mapping Spectrometer (TOMS) aerosol index (Al) as an in-
aerosols can decrease the intensity of the Asian monsoodicator of absorbing aerosols, in this study the aerosol load in
on multi-decadal timescales because the weakened land—s#ze IGB is determined from the aerosol optical depth (AOD)
temperature gradient in the region can cause the monsooretrieved from the Multi-angle Imaging Spectroradiometer
circulation to shift southward, and because the cooler Ara{MISR) (Diner et al., 1989; Bothwell et al., 2002) and is
bian Sea has a more limited supply of moisture (Ramanathaaugmented with information from the Moderate Resolution
et al., 2005; Chung and Ramanathan, 2006). Alternativelylmaging Spectroradiometer (MODIS) (Kaufman et al., 1997;
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Figure 2. (a) Frequency of occurrence of convection per month derived from Meteosat-bantnthly mean precipitation (mm day)
from Global Precipitation Climatology Project (GPCP) for June 2003.

Tanre et al., 1997). Retrieval of information on aerosols fromthe atmospheric composition, such as aerosols (Colarco et
TOMS is based on the backscattered radiance measuremerdt, 2010) and tropospheric and stratospheric chemical con-
in the range of 331 to 380 nm and provides a quantity knownstituents (Pawson et al., 2008). For all aerosol species, opti-
as the aerosol index. Theoretical model simulations (Hermartal properties are primarily from the commonly used Opti-
et al., 1997; Torres et al., 1998) have shown that the Al de-cal Properties of Aerosols and Clouds (OPAC) data set (Hess
pends on AOD, single scattering albedo, and aerosol heightet al., 1998). Daily biomass burning emissions are from the
It is a measure of how much the wavelength dependence oQuick Fire Emission Dataset (QFED) and are derived from
backscattered UV radiation from an atmosphere containinglODIS fire radiative power retrievals (Darmenov and da
aerosols differs from that of a pure molecular atmosphereSilva, 2013). The reanalysis has a horizontal nominal reso-
Since the underlying Rayleigh scattering in the boundarylution of 50 km and 72 layers in the vertical with its top at
layer is small, TOMS Al is more sensitive to aerosol loading 85 km.
at upper levels than near the surface. Retrieval of information
on aerosols from the MISR and MODIS instruments is based2 5 C i d rainfall
on the reflected radiation and provides information on the to-~" onvection and rainta
tal columnar AOD. The quality of the MISR AOD retrievals
in the IGB was investigated by Prasad and Singh (2007)High-resolution observations from Meteosat-5 are available
who compared AOD estimates from MISR and MODIS to until 2005, after which time they were replaced with ob-
ground-based observations from the Aerosol Robotic Net-servations from Meteosat-7. Radiance observations from
work (AERONET) for the years 2000-2005 and found that Meteosat-5 at hourly resolution are used to determine the
MISR retrievals were in closer agreement to ground obserfrequency of occurrence of convection. First, total cloud
vations than MODIS, attributable to the multi-angle viewing amounts are derived using a two-channel cloud detection
capabilities of the MISR instrument; however, observationsscheme modified from the Clouds from AVHRR (CLAVR)
from MODIS are more frequent than those from MISR. algorithm used for the Advanced Very High Resolution Ra-
Information on absorbing properties of aerosols comesdiometer (AVHRR) instrument aboard NOAA polar orbit-
from a newly developed approach that uses the Goddaring satellites (Stowe et al., 1999). The algorithm compares
Chemistry, Aerosol, Radiation, and Transport Model (GO- 11.5 um brightness temperature and visible reflectivity to em-
CART) (Chin et al., 2002) as constrained with Modern- pirically derived cloud thresholds. The cloud detection is
Era Retrospective Analysis for Research and Applicationdfirst performed at pixel-level resolution (5km) and then re-
(MERRA) meteorology (Rienecker et al., 2011) (data pro- projected onto a 0.125atitude—longitude grid. Details of
vide by A. da Silva, personal communication, 2013). GO- the algorithm and cloud analyses are given in Wonsick et
CART accounts for dust, sea salt, black carbon, organic caral. (2009).
bon, and sulfate aerosols. Goddard Earth Observing System- Convective cloud determination is based on Meteosat-5
5 (GEOS-5) is the latest version of the NASA Global Model- 11.5pum brightness temperature and cloud optical depth as
ing and Assimilation Office (GMAO) Earth system model. It estimated by the University of Maryland Surface Radiation
contains components for atmospheric circulation and com-Budget (UMD/SRB) model (Pinker et al., 2003) driven with
position, ocean circulation and biogeochemistry, and landrelevant observations from Meteosat-5. The cloud optical
surface processes. It also includes modules representindepth threshold for convective clouds is set to 23 as in the
International Satellite Cloud Climatology Project (ISCCP)
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convective cloud algorithm (Rossow and Schiffer, 1991), and 40N
the brightness temperature cutoff is 250 K.

The cloud screening method is limited in its ability to ac- 35N 4§
curately detect clouds at night when visible data are unavail-
able and the algorithm relies solely on the brightness temper-30N

ature observations. For this reason, cloud data are only calcu g, = N & 22 T =
lated where solar zenith angle (the angle between the sun ani _ = ; 35
the pixel zenith) is less than 75-or the domain of 51t0 136 20N { X% T, 2SS P L R 3

E longitude, this roughly corresponds to the hours of 00:00— _
13:00 UTC. The lack of nighttime cloud data does not appear 15N %32
to hamper the analysis for several reasons. Convection is an
alyzed in a relative sense as high-aerosol years versus low
aerosol years, so absolute values of convection have lesse gy |
importance. The percentage of convection missed overnight
in the areas of interest is small because convection over
land peaks in late afternoon in the Indian monsoon regionFigure 3. Long-term mean (1968—1996) 1000 mb wind vectors for
(Gray and Jacobson, 1977; Dai, 2001; Islam et al., 2004)April from NCEP/NCAR reanalysis. Shading represents wind speed
Frequency of convection patterns derived from Meteosat-5n ms™1.

shows close agreement with rainfall amounts from the Global

Precipitation Climatology Project (GPCP) (Huffman et al.
1997), indicating that the patterns capture the situation qui

10N
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'téﬂgh-aerosol years due to aerosol absorption of shortwave
well. A comparison from June 2004 is shown in Fig. 2, and radiation, (2) convection and precipitation in the foothills of
' the Himalayas and in northern India should be higher in May

other months were found to be similar. . . .
To enable the extension of the aerosol—rainfall connec-during the high absorbing aerosol years due to the early onset

tion to additional years where high-quality information on of the monsoon, (3) convection and precipitation in southern

aerosols is available and where the high-resolution Meteosatndia should be lower in June in the high absorbing aerosol

5 data were not available (2006-2012), use was made of thyears due to the northward shift in the subsiding branch of

GPCP rainfall product. Although these data have lower resoine meridional circulation over India, and (4) convection and

lution than the information from Meteosat-5 and do not dif- Precipitation for the peak-monsoon season in the high ab-
ferentiate convective precipitation from other forms, they areSOrPing aerosol years should be higher than average.
useful for assessing whether or not total monsoon rainfall is
anomalously high during high absorbing aerosol years, aseX; Results
pected from the EHP hypothesis.
4.1 Aerosol analysis
2.3 Temperature
The plausibility of aerosol transport into the region of inter-
Temperature data from the NCEP/DOE-R2 reanalysisest is evident in Fig. 3, which shows the long-term mean of
(Kistler et al., 2001) and ERA-Interim (Dee et al., 2011) are the general circulation near the surface in April. A relatively
incorporated into the evaluation of the hypothesis. strong band of westerlies extends from the deserts of the Ara-
bian Peninsula toward the Indo—Gangetic Basin (IGB) at the
base of the Himalayas. A southerly wind from northeast In-
3 Methodology dia contributes black carbon from fossil fuel combustion to
the aerosol loading in the IGB.
In our study, we examine the MISR and MODIS aerosol Figure 4 shows the time series of mean AOD in the IGB
records in the IGB for the years 2000-2012 and select yearfor the years 2000-2012 from both MISR (top) and MODIS
with the highest and lowest load of aerosols, based on AOD(bottom). The values are calculated by averaging the monthly
We also establish the absorbing nature of the aerosols asiean AOD data over the months of March—-May in the IGB
discussed in Sect. 4.1. We assess whether the signatures gion as depicted in Fig. 1. The light blue bars show the
upper-tropospheric temperature, convection, and precipitaanalysis for the whole IGB region. Differences between the
tion predicted by the EHP hypothesis are evident in obsereastern and western sections of the IGB (divided &tE52
vations during the high-aerosol years in contrast to the low-are also illustrated using orange and dark blue color bars,
aerosol years. The following verifiable aspects of the pro-respectively. The magnitudes of the AOD as derived with the
posed EHP effect are assessed in relation to the aerosol loado instruments differ, with MODIS reporting mean values
for each year: (1) the upper-tropospheric temperature in theear 0.6 compared to the MISR values that are closer to 0.45.
Tibetan Plateau region during May should be higher in theHowever, interannual variability in AOD follows the same
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: : : : : ‘ April (top row) and May (middle row), and the March-April-

| I West [l Whole Region Il East] May average (bottom row) from MISR (left column) and
MISR MODIS (right column). As evident, during the buildup phase

of April there are more regional differences in the AOD while
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§ """"""""""""""" by May, the entire IGB experiences high aerosol loading.

= 0.45F 1 Since the anomalous warming that initiates the heat pump
%_ o - effect occurs when aerosols increase the air temperature by
O 0.40- - -

absorbing solar radiation, there is a need to establish that the
aerosols are indeed absorbing (Dey and DiGirolamo, 2010).
While a robust data set of aerosol absorbing properties in the
IGB is not available, there is ample evidence that absorbing

o

w
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T
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Year aerosols are present in the region during the pre-monsoon
0.75 ‘ ‘ ‘ ‘ ‘ season. For instance, Dey and DiGirolamo (2010) present a
| Il West Il Whole Region Il East] detailed analysis of a 9-year (2000-2008) seasonal clima-
0.701 ] tology of size- and shape-segregated AOD and Angstrém
£ 065" MODIS exponent (AE) over the Indian subcontinent derived from
g MISR. They introduced indices of aerosol size- and shape-
% 0.60 Egss=sEsE segregated optical depth and their effect on AE that describe
'%_ the relative seasonal change in anthropogenic and natural
O 0.55 aerosols from the preceding season. They report that win-
0.50 ter to pre-monsoon changes in aerosol properties are not just
' dominated by an increase in dust but also by an increase
in anthropogenic components, particularly in regions where

00 02 04 06 08 10 12
Year

biomass combustion is prevalent;15 % of the AOD over
the high wintertime pollution in the eastern Indo—Gangetic
Figure 4. Time series of mean aerosol optical depth at 0.55nm inBasin is due to large dust particles, resulting in the lowest
the Indo—Gangetic Basin averaged over the months of March—-MayAE (< 0.8) over India in this season and likely caused by ru-
as derived from MISR (top) and MODIS (bottom). Values are given rg| activities; while AOD decreases from the Indo-Gangetic
g';grfg;‘Tiségr%aelivﬁ\egtoerfgrpﬂg?g;-g;tgeéizg Zega;?t;iﬁiﬁth Basin up to the Tibetan Plateau, a large peak in AE and the
| . | 1V \ . - .. . .
of March—May for the period 2000—-2012 for the entire domain and?raCtIQn of AOD (_1ue to particle .rad” < 0.'7 mm exists in the
eastern and western portions. Notice the difference in scales on th]:eOOtth of the Himalayas, partlcula_rly in the pre-monsoon
y axes. season. Both the d_ust and smal!er—3|ze aerosols from biomass
combustion are highly absorbing. We have also analyzed
the GOCART-MERRA information on the single scattering
albedo (SSA) of the aerosols in the IGB. Figure 6 shows that
general pattern in each figure. Both data sources agree th&SA in the IGB during the pre-monsoon season of the high-
the years 2004 and 2008 had the highest springtime aerosalerosol years was overwhelmingly at or below 0.86, indicat-
loading over the entire IGB, while aerosol content is muching the aerosols were mainly of the absorbing type. Values
lower in the years 2005, 2007, and 2011; 2012 is also a yeaof 0.73 were reported over Bangalore (Babu and Moorthy,
of high aerosols according to MISR but not MODIS . For this 2002), 0.81 over Pune, India (Pandithurai et al., 2004) and
reason we will categorize 2012 as an uncertain year, but w®.91 over the Indian Ocean Experiment (INDOEX) region.
will still include it in the analysis of the relationship between Several additional studies ascertain the absorbing nature of
aerosols and climatic parameters of interest. There is mor¢he aerosols found over the Indian Continent. Deepshika and
disagreement between the MODIS and MISR analyses whesrinivasan (2010) used the Infrared Difference Dust Index
differences between the eastern and western regions of th@gDDI) to establish the presence of dust in the atmosphere.
IGB are considered. In the MISR data, AOD in the easternLarge IDDI values were observed even over vegetated re-
region is consistently higher than in the west. Average valuegjions of India attributed to the presence of transported dust
are 0.4 in the west and 0.5 in the east. In the MODIS datafrom nearby deserts.
AOD was higher in the west, particularly from 2000 to 2004.
After 2004, AOD was more often higher in the east. Over the4.2 Upper-tropospheric temperature
13-year period, the mean AOD is roughly 0.6 for both sides
of the IGB. Therefore, one side was not consistently higherAccording to the EHP hypothesis, in years with high loads of
than the other as seen in the MISR record. absorbing aerosols, the air above the Tibetan Plateau should
In Fig. 5 we show the spatial distribution of multiyear av- undergo anomalous upper-tropospheric warming in May due
erage (2000-2012) AOD in the IGB region for the months of to absorption of shortwave radiation by aerosols. For the
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Figure 5. Spatial distribution of multiyear average (2000-2012) AOD in the IGB region for the months of April (top eowid), May
(middle rowb ande), and the MAM average (bottom roevandf) from MISR (left column) and MODIS (right column). Notice difference
in scales between the MISR and MODIS color bars.

high-aerosol years in our study, we show the latitude—heighterosols. To identify whether enhanced convection in the Hi-
distribution of temperature anomaly in May from both the malaya foothills was evident in the form of increased rainfall,
European Reanalysis ERA-Interim (ERAI) data set and thewe analyzed the monthly mean GPCP rainfall during May for
NCEP/DOE-R2 Reanalysis (Fig. 7). As in Lau et al. (2006), the years 2001-2012 (Fig. 8). Of the three years with high-
we averaged the temperature anomaly over the latitude se@st aerosol load, a fairly low amount of precipitation in the
tor 70 E to 100 E. The EHP hypothesis predicts that the region is seen in 2008 and 2012, while 2004 has more pre-
largest positive temperature anomalies will occur from 20 tocipitation but is not the highest of all the years investigated.
25° N at and above the 700 mb level, corresponding to the Lau and Kim (2011) noted that this early signal of the EHP
highest concentrations of aerosol in the IGB being drawneffect may not be detectable with the coarse resolution of
northward and upward by the EHP effect. This pattern is seerthe GPCP rainfall analysis and suggested further examina-
in 2004; in 2008, the strong warming occurs only above thetion with a data source that could provide more details of the
300 mb level. In 2012 (the uncertain year), very weak anomavainfall distribution. Therefore, we further investigated the
lous warming is seen at about 700 mb. Temperature anomdrequency of convection in the Himalaya foothills with the
lies were also plotted for the low-aerosol years for contrasthigh-resolution Meteosat-5 observations. The difference in

and are presented in Fig. S1 of the Supplement. frequency of occurrence of convection in the foothills in May
for 2004 (high absorbing aerosol year) minus 2005 (low-

4.3 Convection and precipitation aerosol year) is shown in Fig. 9a. Frequency of occurrence
of convection is computed for each point in the domain as

43.1 May the number of daytime hours in the month in which cloud

top temperature and optical depth meet the convective cloud

According to the EHP hypothesis, the anomalous warmingcfiteria (_)utlined in Sect. 2.2. Some poc_kets of more frequent
observed over the Tibetan Plateau should accelerate the mofonvection are apparent (yellow), particularly in the eastern
soon cycle and enhance convection in the foothills of the Hi-section of the plateau where AOD is higher in the MISR anal-

malayas in May during years with high loads of absorbing YSiS-

Atmos. Chem. Phys., 14, 8748761, 2014 www.atmos-chem-phys.net/14/8749/2014/
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35 : : : : : convection on the Indian subcontinent than the high absorb-

0.880 ing aerosol year (2004) (the largest anomalies occurred in the
western parts of India). In the longer GPCP rainfall record

0.875 (shown in the Supplement as Fig. S2), 2004 and 2008 have
less rainfall than most other years, particularly over the sub-

0.870 continent as compared to the Bay of Bengal; 2012 has more
convection over land than the other high absorbing aerosol

0.865 years, but less convection over the Bay of Bengal than any
other year except 2010.
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5 Discussion
150}

The high spatial and temporal resolution of Meteosat-5 satel-
lite data and long-term record of GPCP rainfall data along
with improved aerosol information from sources such as
MISR, MODIS, and the MERRA aerosol reanalysis provide
: : 1 a unigue opportunity to investigate processes that affect the
Asian monsoon. This study exploits these capabilities to ap-
|_|r_|,—|,_1ﬁ,_|r_| ply a novel approach for evaluating the EHP hypothesis. It
0860 0870 0880  0.890 0.900 was found that in some aspects, observations were in agree-
Single Scattering Albedo ment with the hypothesis but not in all of them. Specifically,

Figure 6. Spatial distribution (top) and frequency (bottom) of single the details are as follows:
scattering albedo values in the IGB averaged over MAM for the

high absorbing aerosol years (2004, 2008, 2012) (from GOCART- 1. Strong anomalous warming over the Tibetan Plateau
MERRA, A. da Silva, personal communication, 2013). was observedn one of the high absorbing aerosol

years (2004). In 2008 the anomalous warming occurred
only up near the tropopause. In 2012, weak anomalous
4.3.2 June warming was observed.

-

o

o
T

# of cases

(41
o
T

2. Enhanced convection in the foothills of the Himalayas
in May was observedh the high-resolution Meteosat-
5 analysis for 2004, but was not evident in the coarse-
resolution GPCP data.

By June, the subsiding branch of the meridional circulation
that balances the forced ascent in the foothills should be well-
established, causing a decrease in convection in southern In-
dia in the high absorbing aerosol years. This aspect of the
hypothesis is evident in observations of bo'th GPCP precipita— 3. Suppression of precipitation in southern India in June
tion and Meteosat-5 frequency of convection. The difference was observed

in frequency of occurrence of convection from Meteosat-5 in

June for 2004 (high-aerosol year) minus 2005 (low-aerosol 4. Total precipitation in Julyvas not observetb be con-
year) is shown in Fig. 9b. This confirms the pattern of less sistently higher in the high absorbing aerosol years.
convection in southern India during the high-aerosol year. In

general, Fig. 10 shows less rainfall in southern India in theln light of these findings, it is useful to review some of the
high-aerosol years (2004, 2012, and particularly 2008) comPrevious investigations of aerosol impacts on the Indian mon-

pared to most other years. soon. _ _
Lau and Kim (2006) conducted an observational study
4.3.3 July seeking preliminary validation of the EHP hypothesis. They

utilized four high-aerosol years (1980, 1985, 1988, and 1991)
The EHP hypothesis postulates that total amounts of convecand four low-aerosol years (1982, 1983, 1990, and 1992) se-
tion and precipitation throughout all of India during the mon- lected on the basis of the TOMS Al (Hsu et al., 1999) (Fig. S3
soon season will be higher in the high-aerosol years. Therein the Supplement). As in the current study, they used rain-
fore, we look at the behavior for July, the month that tradi- fall observations from GPCP (Huffman et al., 1997) and tem-
tionally produces the bulk of monsoon rainfall. Frequency perature and wind fields from the NCEP/DOE-R2 Reanaly-
of occurrence of convection for each July of 2000-2005 issis data (Kanamitsu et al., 2002). They composited the data
displayed in Fig. 11. The year 2002, an extremely notableseparately for the high- and low-aerosol years (Fig. S3 in
drought year (Waple and Larimore, 2003; Bhat, 2006) with athe Supplement) and found that the following features were
seasonal rainfall deficit of 21.5 %, a result of 56 % below nor-in agreement with the hypothesis during the high absorbing
mal rainfall in the month of July, is the only year that had lessaerosol years: composite rainfall data showed an increase
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Figure 7. Latitude—height distribution of temperature anom&g) from ERAI (left column) and NCEP/DOE-R2 Reanalysis (right column)
over latitude sector 70 to 10 for May of the high absorbing aerosol years: 2004 (top), 2008 (middle), 2012 (bottom). Gray shaded area is
an idealized representation of elevation of the Tibetan Plateau. Anomaly is computed as difference from the mean for the years 1993-2012
for ERAI and 19812010 for NCEP/DOE-R2 Reanalysis.

in precipitation in the Himalaya foothills and northern In-  Kuhimann and Quass (2010) investigated the EHP ef-
dia in the early part of the season, spreading to all of In-fect using detailed, vertically resolved aerosol information
dia in June and July; enhanced ascent of warm air alongrom the Cloud-Aerosol Lidar and Infrared Pathfinder Satel-
the Himalayan foothills in May was evident in the com- lite Observations (CALIPSO) data. They found the highest
posite wind fields; statistically significant correlations be- aerosol concentrations in the lower atmosphere with very
tween high levels of absorbing aerosols and warm upperiittle aerosol reaching the altitude of the Tibetan Plateau.
tropospheric temperature anomalies in northern India and th&Vhile peak shortwave heating in the lower troposphere clos-
Tibetan Plateau were found. The opposite behavior was obest to aerosol source regions reached the levels modeled in
served during the low-aerosol years. Since the results of Lathe Lau et al. (2006) study (0.2 K da}), elevated heating
and Kim (2006) differ from the conclusions of this study, at the level of the Tibetan Plateau was only 0.05 Kday

it would have been of interest to perform the current anal-Thus, they found no evidence of elevated heating that would
ysis for the years used by Lau and Kim (2006). However,be strong enough to influence large-scale monsoonal circu-
the sources of high-resolution cloud and aerosol informationations. Our study partially agrees with their findings; we
chosen for this study were not available until 1998 and 2000found that neither the ERAiI nor NCEP/DOE-R2 reanaly-
respectively. sis data consistently confirmed the existence of anomalous
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Figure 8. GPCP monthly mean precipitation in May for the years -25 -15 -5 0 5 15 25

2001-2012 over the region bounded by 5 t8 MGand 50 to 100E.
Figure 9. Difference in frequency of occurrence of convection per

month for 2004 (high absorbing aerosol year) minus 2005 (low-
aerosol year) fofa) a detailed view of the Himalaya foothills region

upper-tropospheric warming above the Tibetan Plateau durl? May and(b) India and surrounding waters in June.
ing the high-aerosol years.

Bollasina et al. (2008) contributed another significant ob-

servational study of the EHP hypothesis using a regressioﬁhhe Himalayas. The results of Bollasina et al. (2008) suggest

of various parameters on the TOMS aerosol index for thethat the high loads of absorbing aerosols in the west may af-

years 1979-1992. Their regression of rainfall on the TOMSfeCt t'h_e Igrge—scale qrculanon inamanner that enhances this
Al showed a link between high loads of absorbing aerosolspreC|pltatlon-produmng mechanism in the east. However, the

and deficient springtime precipitation, which they attributed aerosol Ioading in the_east is rather small and dO?S not di-
to dissipation of clouds through the aerosemi-directef- rectly cause rising motion through the EHP mechanism. Fur-
fect. Evidence that aerosols can alter cloud characteristic%rI
in the Indian monsoon region was provided by Heymsfield 0 o o
and McFarquhar (2001). They analyzed aircraft data fromfaII reduction in the west was masked by the activity in the
flights made through polluted and clean clouds in the Indian®aSt . . .

Ocean during INDOEX (Ramanathan et al., 2001) and found The det_alls brought forth by the h!gh-regolqtlon Meteosat-
a threefold increase in droplet concentrations and a 35 % de? data point to the need for further investigation of this con-

crease in droplet effective size in polluted clouds, leading toCEPt: Referring back to Fig. 9, it is clear that the most sig-
more rapid dissipation nificant increase in convection during the high-aerosol year

Explaining the contrast between their findings and the en_(2004) occurred in the eastern section of the IGB. The west-

hancement of precipitation in the IGB in May observed by ern part of the IGB predominantly showed decreases in con-

Lau and Kim (2006), Bollasina et al. (2008) noted that dif- vection, or slight increases interspersed with decreases, sim-

ferent mechanisms are at work in the eastern and wester“"?Ir to the observations of Bollasina et al. (2008). Based on

parts of the IGB. In the western region, where the aerosoF'g' 4, the MISR analysis of AOD showed higher aerosol

load is highest, precipitation appeared to be subdued by thg'mounts in the east in 2004 while MODIS observed slightly

aerosol semi-direct effect. Some increase in precipitation wa igher AOD in the west. This makes it difficult to assess

seen in the eastern region, where the large-scale circulatiowe impact of regional differences in aerosol loading on the

flows northward over the Bay of Bengal, picking up abun- observed precipitation. A more detailed study, possibly, on
' shorter timescales, is needed.

dant moisture and rising orographically when it encounters

ermore, they assert that since Lau and Kim (2006) used a
ngitudinal average of precipitation across the IGB, the rain-
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Figure 11. Frequency of occurrence of convection per month for
Figure 10. GPCP monthly mean precipitation in June for the years gach July between 2000 and 2005.

2001-2012 over the region bounded by 5 t6 Bioand 50 to 100E.

under ISRO-GBP during December 2004 was aimed at char-
6 Summary and conclusions acterization of aerosol properties and trace gases across the
entire Indo—Gangetic belt. These studies showed the persis-
As discussed in Ramanathan et al. (2001), aerosols influenggnce of high-aerosol optical depth and BC concentrations
climatedirectly by absorbing and scattering solar radiation near the surface (Pant et al., 2006; Niranjan et al., 20086,
within the atmosphere, with carbonaceous aerosols playingoo7: Moorthy et al., 2005; Ganguly et al., 2005; Nair et al.,
a major role in the absorption process (Ramaswamy et al.p00g). It has also been recognized that BC aerosols can con-
2001). Aerosols also influence climate in their role as cloudigminate other aerosol species (dust can be coated with BC)
condensation and ice nuclei (Penner and Novakov, 1996y he contaminated by other species, resulting in altered ra-
Haywood et al., 2000) (the firsadirect radiative forcing),  djative properties and their ability to act as cloud conden-
which can lead to a decrease in precipitation efficiency. Forgation nuclei (Chandra et al., 2004). Because of the com-
instance, Rosenfeld et al. (2001) have documented that Umlexity of the mixing process, there is still a great degree
ban and industrial air pollution can completely shut off pre- f uncertainty regarding the hygroscopic properties of BC
cipitation from clouds that have temperatures at their tops ofynd their role as cloud condensation nuclei. In the present
about—10°C. Such findings point to the strong connection st dy a large-scale approach was used to investigate some of
between aerosols and the hydrological cycle (Ramanathan ghe jssues identified at local scales; in particular, satellite ob-
al., 2001). servations are used that enable us to provide a broader view
Measurements made during the past 20 years at numegf gerosol influences over longer timescales than is possi-
ous locations over India indicate that the concentration ofy|e from short-term experiments. In particular, by combining
aerosols in the Indian region has increased and reached higdytellite-based information on aerosols and the use of numer-
values (Moorthy et al., 2004; Satheesh, 2012). As part of in-ical model outputs, it was possible to evaluate the impact of
dividual studies and numerous national programs (e.g., Ingerosols on the heating of the atmosphere, and by combining
dian Middle Atmospheric Program (IMAP) and the Indian information from satellites on aerosols and rainfall, it was
Space Research Organisation — Geosphere Biosphere Prgpssible to address connections between them in areas in-

gramme (ISRO-GBP)), a wealth of information onimportant flyenced by conditions in the Indo-Gangetic belt. Below are
aerosol properties such as size, mass concentration, opticabme findings from our study.

depth, and scattering and absorption coefficients have been
collected with special attention to black carbon (BC). The — Our analysis of aerosol characteristics in the IGB based
National Land Campaign Il (LC-II) organized by the ISRO on MODIS, MISR, and MERRA data for a period of
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13 years indicates that MODIS and MISR agree on thewere downloaded from the Goddard Earth Sciences Data and
interannual temporal variation of AOD during spring- Information Services Center (GES DISC) Giovanni web site.
time, although differences are seen in the spatial patSincere thanks are due to the Editor for constructive guidance and

terns from east to west. The MERRA analysis of SSA to Chuan Li for technical assistance.
confirms the absorbing nature of the aerosols in the IGB

belt. Edited by: F. Fierli
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